Supramolecular structures based on cyclodextrins have been extensively used for drug delivery systems over decades. However, combining host and guest molecules in a pharmaceutical formulation is not a trivial process, being one of the majors concern the inclusion complex compatibility with other excipients presented in the final formulation. Herein, experimental and theoretical calculations were used to investigate the competition of sodium dodecyl sulfate (SDS) with atenolol (ATE) or losartan (LOS), antihypertensive drugs widely used in the treatment of hypertension. Our findings, using nuclear magnetic resonance and isothermal titrations calorimetry experiments and molecular dynamic simulations demonstrated that LOS remain included into CD cavity after excipient (SDS) addition, which was not verified for ATE ternary system, being the drug displaced by SDS molecule.
Introduction
Excipients are existent substances in pharmaceutical formulations besides drug, therefore their safety must be also established likewise any other substance presented in final formulation. As excipients are usually not inert molecules, previous tests must be carried out to guarantee their stability, safety, efficiency and bioavailability in the formulations, additionally, to ensure that excipients do not physically or chemically interact among them in final pharmaceutical formulation (Blajovan et al., 2016; Panakanti and Narang, 2012) . This class of molecules have different functions, including emulsifying, stabilizing and solubilizing agent and detergent (Baldrick, 2000; Steinberg et al., 1996) . In this context, cyclodextrins (CDs) are one of the most widely studied supramolecular host as excipient for the inclusion of a variety of drug guest molecules in pharmaceutical formulations (Davis and Brewster, 2004) . CDs are cyclic oligosaccharides with torus-like format structured by linked glucose units. Their natural forms are known as αCD, βCD and γCD, consisting of 6, 7 and 8 glucose units at their macromolecular structure, respectively, with a hydrophilic outside and hydrophobic inside (Szejtli, 1998) , leading to amphiphilic character, a very useful property. Inclusion complexes (ICs) formed between CDs and a wide variety of molecules allow researchers to overcome drug drawbacks by changing its physicochemical and biopharmaceutical properties. Moreover, CDs have been strategically used in formulations as excipients, being classified as solubilizing and stabilizing agent (Kurkov and Loftsson, 2013; Loftsson and Brewster, 2012) , being focus of drug delivery strategy of next generation of pharmaceutical formulations (Kolesnichenko and Anslyn, 2017) .
Thus, researchers have been evaluated the compatibility between excipients, including chitosan, ethylcellulose, microcrystalline cellulose, magnesium stearate, talc, starch and parabens, being the latter classified as incompatible with hidroxypropyl-β-cyclodextrin (HP β CD) (Chan et al., 2000) . To the best of our knowledge, compatibility between CDs or their ICs with other excipients have been demonstrated by thermal analysis techniques, including differential scanning calorimetry (DSC), thermogravimetry analysis (TG) and differential thermal analysis (DTA), combined or not with Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) (Chadha et al., 2014; Corti et al., 2008) , as well as by theoretical calculations (Medarevic et al., 2017) . Once these techniques do not directly provide all molecular physicochemical interaction parameters between host and guest molecules, then isothermal titration calorimetry (ITC) can be used as a valuable strategy. ITC has been demonstrated to be a worth thermodynamic approach to investigate drug-receptor (Ladbury et al., 2010) , as well as, host-guest interactions, specially associated with structural analysis (by experimental and theoretical calculations) (De Sousa et al., 2008) . ITC titration is based on the heat difference resulting from the interaction between the molecules of interest (Brautigam et al., 2016; Freire, 2014; Turnbull and Daranas, 2003) . Concerning the compatibility between ICs and other excipients, ITC also allows to predict the interaction among these molecules, comparing their affinity through the CDs cavity in a ternary system (Krainer and Keller, 2015; Sigurskjold, 2000) . Thereby, it can be useful to infer about possible incompatibilities between ICs and other molecules existent in pharmaceutical formulations, being an important analysis for several areas, including drug delivery systems. Compatibility between CDs and other molecules have also been described in the literature, mainly for bile salts and phosphatidylcholine, major agents presented in intestinal fluids (Stappaerts and Augustijns, 2016) .
In this sense, we have combined structural spectroscopic techniques for supramolecular systems characterization (in solid and aqueous solution) with thermodynamic measurements by ITC, as well as, molecular dynamic (MD) simulations to investigate and suggest the structure and stability for ternary supramolecular systems. MD simulation was mainly done to have a molecular picture of the SDS capability to shift out the guest molecule or form a ternary inclusion complex system. Herein, sodium dodecyl sulfate (SDS - Fig. 1a ) was associated with β CD, once this anionic surfactant has been used in pharmaceutical formulations and much information concerning its interaction with CDs have been reported. Moreover, in order to investigate the ternary supramolecular system atenolol (ATE - Fig. 1b ) and losartan potassium (LOS - Fig. 1c ) drugs were used as model, since these molecules have been used in the treatment of cardiovascular disease. Additionally, ATE and LOS have been associated with CDs (natural or modified ones) demonstrating the application of these supramolecular systems in further pharmaceutical formulations.
Experimental section

Materials
Solutions of sodium dodecyl sulfate (Sigma-Aldrich), Atenolol (Pharmanostra), Losartan potassium and β CD (Sigma-Aldrich), LOS: β CD e ATE: β CD (stoichiometry of 1:1) were prepared using Milli-Q® water as solvent. ICs were prepared at 1:1 or 1:1:1 stoichiometries of β CD:SDS, β CD:ATE, β CD:SDS:ATE, β CD:LOS and β CD:LOS:SDS, using freeze-drying process (Del Valle, 2004) . For this, stoichiometry quantities were diluted in Milli-Q® water and then stirred for 2 h. After this time, the samples were quickly frozen and lyophilized in freeze-dryer for 48 h.
Fourier transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR)
ICs were analyzed by Fourier transform infrared spectroscopy using attenuated total reflectance technique (FTIR-ATR) in a spectrophotometer (Perkin Elmer), between 4000 and 650 cm −1 , resolution of 4 cm −1 and 36 scans, to infer about the guest interaction with the βCD in solid state. Pure compounds were also analyzed using the same method.
Nuclear magnetic resonance (NMR)
Nuclear magnetic resonance (NMR) spectra were acquired in a Bruker DPX-400 AVANCE operating at 400 MHz, at 300.15 K using D 2 O as solvent. One-dimensional 1 H NMR experiments were performed with 5 mm dual probe using direct detection with z-gradient coil and WATERGATE technique for suppression of the residual water signal. The 2D ROESY experiment was acquired using the inversion recovery sequence (90-t-180) with mixing time of 600 ms. Water signal was used as reference at 4.80 in all experiments. About 10 to 15 mg of samples were used in the NMR experiments.
Isothermal titration calorimetry (ITC)
Isothermal titration calorimetry (ITC) were performed in a microcalorimeter VP-ITC (Microcal -Malvern) in order to determine the physicochemical parameters of interactions between βCD and SDS, βCD and ATE, βCD and LOS and between SDS and ATE or LOS, as well as, the competition between the SDS and drugs for the βCD cavity. Experimental concentrations used in all titrations are presented in Table SI 12. Titrations were performed in duplicate with 25 injection points each, 200 s of spacing between them and 220 rpm stirring, at the temperatures of 298.15, 310.15 and 318.15 K. The first injection of each titration was 1 μL to remove the effects of dispersion and the successive ones were 10 μL. Titrations were also carried out between each titrant and Milli-Q® water and Milli-Q® water with each titled to remove the effects of the interaction between the compounds and the solvent. Graphics obtained were analyzed in the software ORIGIN 7.0®, which uses the least squares nonlinear regression model in the curve fitting, applying the Wiseman isotherm. (Wiseman et al., 1989) Thereby, all physicochemical parameters can be obtained by standard equations, see Supporting Information.
Theoretical calculations
Structures used at MD calculations were proposed based on 2D NOESY results and further optimized using Gaussian 09, (MJ Frisch, 2009 ) by DFT through M062X (Zhao and Truhlar, 2008) functional and 6-31 + g(d,p) (Ditchfield, 1971; Hehre et al., 1972 ) basis set. These geometries were all confirmed as local minima as result of vibrational L.H.R. Meira et al. International Journal of Pharmaceutics 544 (2018) 203-212 analysis. In order to get a deeper and more precise information, MD simulations were used to study the interaction between drugs (ATE or LOS) and excipient with βCD, as well as, the equilibrium among the chemical species using GROMACS 5.1.4 software (Abraham et al., 2015; Berendsen et al., 1995; Hess et al., 2008; Pronk et al., 2013; Van der Spoel et al., 2005) . NPT MD protocol was performed in 10 ns simulation (Bussi et al., 2007) . ICs were placed at the corresponding center box which were filled with 5631 water molecules each, using the SCP216 force field. More details from geometry optimization, for binary and ternary systems, as well as, MD simulations methodology and results are presented in SI 15 to 20. To conduce the dynamics, topological files were needed and those were obtained from The Automated Topology Builder (ATB) and Repository site (Malde et al., 2011) . The ATB files were updated with the gas-phase optimized Cartesian coordinates. More theoretical calculations details are presented in SI 15.
Results and discussion
Supramolecular structure analysis by FTIR-ATR and NMR
FTIR-ATR spectra (SI 1) were used in order to compare vibrational modes of free molecule to their lyophilized ICs with β CD, in order to access information about the inclusion process (Mura, 2015) . The obtained data are in agreement with previously supramolecular systems described in the literature for β CD or other modified CDs in association with SDS or drug guests (ATE or LOS).
NMR spectra for the free molecules (SDS, LOS and ATE), as well as, for tits ICs with β CD are depicted in Figs. SI 3-SI 8. Chemical shift (δ) and chemical shift variation (Δδ = δ free molecule − δ IC binary ) for these binary systems are presented in Table SI 2. These Δδ were obtained from the supramolecular systems by comparing δ of free molecules with the δ for the ICs. These results confirmed the interaction between β CD and each guest molecule, based on the electronic density change after guest inclusion into host cavity. (Morais et al., 2017) In order to confirm the guest inclusion into the βCD cavity, 2D ROESY experiments were carried out, being the spectra for the binary systems (SDS:βCD, LOS:βCD and ATE:βCD) depicted in Fig. 2a-c 2D ROESY NMR experiments confirmed the interaction discussed based on the Δδ, using the short range 1 H/ 1 H dipolar correlations. The SDS:βCD system showed the dipolar coupling between SDS alkyl chain with the internal and external βCD hydrogens (except H1). Based on the literature, other similar results involving SDS with different CDs have been reported (Melani et al., 2011; Sehgal et al., 2008) . For LOS:βCD system a dipolar coupling between aromatic rings of LOS with all hydrogen of βCD (except H1) was observed, the study performed by De Paula et al. (2011) demonstrated similar result for the LOS:HPβCD system, in which aromatic rings and a portion of aliphatic moieties were include in the HPβCD cavity. Lastly, for the ATE:βCD binary system a dipolar coupling between ATE aromatic hydrogen with internal and external βCD hydrogens were observed. These results are in accordance with other ones previously published, in which the inclusion of ATE aromatic in the βCD cavity was proposed (Borodi et al., 2008; Ficarra et al., 2000; Prabhu et al., 2012) . Although the investigation of these guest molecules with CDs have been reported, it was crucial the understanding of these binary systems and confirming the guest insertion into βCD, in order to compare these results with the ternary ones, the main focus of the present work.
Preferential insertion into the βCD cavity, resulted from SDS and LOS or ATE competition, were also investigated by NMR experiments. Figs. SI 9 and 10 showed the 1 H NMR spectra of LOS:SDS:βCD and ATE:SDS:βCD ternary systems respectively, at 1:1:1 M ratio. Chemical shift variation for the ternary systems (ΔΔδ = Δδ IC binary − δ IC ternary ) are presented in Table SI 11. These values demonstrate that SDS:βCD IC is able to exist in equilibrium with the LOS:βCD or ATE:βCD binary systems. Thus, comparing the δ for the binary ICs with the δ of the ternary ICs, it was observed that hydrogen chemical shifts values for the binary systems were no longer maintained in ternary ones. Analyzing the LOS:SDS:βCD ΔΔδ values, generally a smaller variation for LOS hydrogens were observed comparing to the binary system. SDS alkyl hydrogens at the LOS:SDS:βCD presented a less significant chemical shift variation, except for hydrogens Ha/Ha' and Hk/Hk' in which a higher δ were observed comparing to the binary system. These data suggested a guest competition for the βCD cavity. The ΔΔδ analysis for the SDS:βCD:ATE indicates an equilibrium between drug and SDS with βCD, as well as, observed for LOS ternary system. ATE hydrogens Hf/ Hf', Hi/Hi', Hj/Hj'/Hj'' and Hk/Hk'/Hk'' presented close δ values with binary system and hydrogens Ha/Ha', Hb/Hb' and Hc/Hc' presented similar δ to free drug molecule. SDS δ behavior at ATE:SDS:βCD is similar to the LOS ternary system. The overall ΔΔδ analysis allowed us to infer that a different environment was created around βCD macrocyclic structure by the ternary systems, indicating a competition for the hydrophobic βCD cavity between drug and SDS in each system. In order to get more precise information about the supramolecular structure 2D ROESY experiments, for both ternary systems, were carried out, Fig. 3a and b.
Analyzing both 2D contour maps, the strongest dipolar coupling interactions observed are those previously verified for the SDS:βCD binary system, corroborate the δ analysis, since dipolar coupling between alkyl chain of SDS with the βCD occur in both systems. These results indicate that SDS is able to shift LOS or ATE from βCD cavity. Surprisingly in the 2D NMR experiments, no dipolar correlation were verified between drug molecules (LOS or ATE) and βCD hydrogens. These dipolar correlations would be expected based on δ analysis. However, the absence of these short range interaction could be attributed to a fast equilibrium between guest molecules and host, in which a possible favored supramolecular system could be attributed to the SDS:βCD system. Additionally, other reasonable explanation could be based on the ratio between SDS:βCD ICs and drug:βCD ones. Hence, ITC experiments were done to get more insights about the thermodynamic parameters for guest inclusion and competition fort βCD cavity.
Thermodynamic analysis by ITC
ITC experiments were carried out at 298.15, 310.15 and 318.15 K, Fig. 4 . Thermodynamic parameters obtained, based on the fitting adjust, are presented in Tables SI 13a and SI 13b , being in accordance with other previously reported results using different experimental approach, and were also suitable to proceed with the competition analysis using ITC.
Stoichiometry values for the LOS and βCD system indicate a 1:1 M ratio at all temperatures, similar to previously results reported by De Paula et al. (2011), in which the interaction between LOS and HPβCD was determined by ITC. For ATE at βCD system, n values suggested also a 1:1 supramolecular system, corroborating other results in the literature using the NMR approach to obtain the stoichiometry (Borodi et al., 2008; Ficarra et al., 2000) . However, the interaction between SDS and βCD at three investigated temperatures, as well as, ATE at βCD at 318.15 K, the stoichiometry suggested the formation of multiple equilibrium systems due to fractional values obtained, indicating that more than one type of stoichiometry could be presented simultaneously (De Paula et al., 2012; De Sousa et al., 2008; Passos et al., 2011; Prabhu et al., 2012) . These n values and FTIR analysis suggest the 1:1 and 2:1 stoichiometry for interaction between SDS and βCD, being similar to those obtained in other studies that have used methodologies including the molecular dynamics at different temperatures, critical micellar concentration, NMR and FTIR (Benkő and Király, 2012; Brocos et al., 2010; Kittisrisawai and RomeroZerón, 2015a; Kittisrisawai and Romero-Zerón, 2015b ). Binding constants (K) are also presented in Table SI 13a , and a greater values were determined for the SDS and βCD interaction at all investigated temperatures, being these results crucial to set up the competition experiments. Based on them, SDS was defined as titrant to investigate its capability to shift the drug guests from βCD cavity. Fig. 5a -f depicts the ITC curves for the SDS titrations into drug:βCD systems at 1:1 M ratio (drug = LOS or ATE), SDS in βCD and SDS in drug solution (LOS or ATE).
Based on the ITC's SDS curve of SDS into ATE solution, no heat flow was verified at all three temperatures, demonstrating that both molecules do not interact in solution. SDS titration in the ATE:βCD (Fig. 5a c) solution provides a similar profile obtained for the SDS:βCD system. The thermodynamic parameters for these titrations processes are presented in Table SI 14 and were obtained by fitting analysis (Fig. SI 14) . Stoichiometries obtained for the SDS titration in ATE:βCD are congruent with those values for SDS:βCD binary systems, differing of ATE:βCD ones. Analogous tendency was verified for the K values. Moreover, the overall SDS interaction with ATE:βCD IC was spontaneous (ΔG < 0) and enthalpic and entropic favored. Enthalpic contribution can be associated to the SDS alkyl chain interaction with the βCD cavity, as well as, to the ATE interaction with solvent (water). A greater entropic contribution was observed at 298.15 K, in which an equilibrium between SDS:βCD and ATE:βCD could be observed simultaneously, and justified by the n = 0.84. Based on these ITC experiments, we can point out that SDS are able to shift ATE from βCD cavity at the investigated conditions. Furthermore, the ITC results corroborate the 2D NMR experiments, in which no dipolar coupling was verified between ATE and βCD in the ternary system. Similar experiments were carried out for LOS:βCD titrated with SDS, Fig. 5d-f . Once again, no intermolecular interaction was verified for the SDS and LOS drug. However, when adding SDS in LOS:βCD supramolecular system the ITC curves became different from the SDS:βCD ones (binary system). Comparing all three temperatures, SDS titration into the LOS:βCD system was more distinguishable from the binary system at 298.15 K. It can be confirmed from the K and n values comparison between ternary and binary systems. At 318.15 K, the SDS titration in LOS:βCD solution is quite congruent to the SDS:βCD system, however, both n and K values are still smaller than the respective binary system ones. These ITC results allowed us to infer that SDS was not able to completely shift LOS from βCD cavity in aqueous solution, contrary to ATE ternary system. For LOS ternary system, at all temperatures the n values suggested a host and guests equilibrium, directly affecting on the enthalpic and entropic contribution. The enthalpic variation is more favorable at 318.15 K, in which probably the major part of SDS molecules are included into βCD cavity. However, the greater entropic contribution is verified at 298.15 K, where the equilibrium between SDS:βCD and LOS:βCD is more evident. In this context, other researchers have investigated ternary supramolecular systems involving CDs, in which guest molecules competition occurred in order to form the ICs (Andreaus et al., 1997; Sherje et al., 2017) . It has been demonstrated that SDS was able to shift p-xylene from methyl-βCD cavity, while holding o-xylene into the host cavity, even so the p-xylene presenting higher K with methyl-βCD (Andreaus et al., 1997) . Similar result was observed for both (LOS and ATE) ternary systems, in which SDS was able to shift the ATE, while LOS still included into βCD cavity. L.H.R. Meira et al. International Journal of Pharmaceutics 544 (2018) 203-212 L.H.R. Meira et al. International Journal of Pharmaceutics 544 (2018) 203-212 Fig . 4 . ITC curves at different temperatures for the interaction profile between: a-c) SDS and βCD; d-f) LOS and βCD; g-i) ATE and βCD.
L.H.R. Meira et al. International Journal of Pharmaceutics 544 (2018) 203-212 3.3. Theoretical calculations Fig. 6a -f depicts the representative frames from MD simulations, of ATE and LOS ternary systems, respectively. ATE:βCD:SDS data showed that interaction changing over the time, in which at the beginning of the MD simulation SDS is outside of the host the cavity, distant 11.5 Å from the βCD center of mass. During the simulation, SDS tries to enter into the cavity until it gets an anchor position, stabilized by sulfate oxygen hydrogen bonded to the hydroxyl groups of the narrower rim as showed in Fig. 6 . After that, SDS is included by the aliphatic chain and ATE is shifted from the cavity (See Movie 1 in SI). LOS:βCD:SDS ternary has the SDS starting position at the analogous distance described for ATE ternary system. During simulation, SDS molecule moves around the guest and perturbs in some extension the LOS:βCD IC, however, this competition by host cavity is overcame by LOS (See Movie 2 in SI). Structures obtained through MD, as L.H.R. Meira et al. International Journal of Pharmaceutics 544 (2018) 203-212 experimental data, indicated that a multiple equilibrium occurs for these systems in solution. Despite the overall configuration of the most frequent arrangements, the conformational freedom of the hosts produce several individual possible structures. Thus, for all MDs configurations hydrogens distances were calculated, aiming to reproduce the correlation maps of 2D ROESY experiments, providing the frequency of occurrence of these specific distances in solution (details are presented in SI 21).
Movie 1.
Movie 2.
For the three binary systems there are not significant frequencies for guests and hydrogen atoms H1, H2 and H4 of βCD, which are external to the cavity. For ATE:βCD interactions of Hb and Hc of ATE with H3, H5 and H6 of host are compiled as relevant as can be observed in Fig. 7a by the distances smaller than 4.0 Å (light blue) and larger diameter circles. These correlations were are also observed on the experimental data. The hydrogen atoms Hj and Hk of ATE showed short range interactions with H3 of primary hydroxyl groups in the calculated maps which are not observed in ROESY data, maybe due the experiment time resolution. Turning our focus to SDS:βCD supramolecular complex, represented in Fig. 7b , the hydrogen atoms Hf to Hl present quite similar and stronger correlations with H3 of βCD than with H4, as well as, Hb to Hh interact to H5 of βCD. The SDS hydrogen atoms close to the sulfate show shorter and high frequency interactions with the secondary hydroxyl circle. The Ha of SDS shows small correlation with H5 and H6, which are not observed at experimental results, maybe due to the time resolution of the ROESY. For the binary LOS:βCD complex (Fig. 7c) , He and Hf of LOS present correlation with the internal hydrogen atoms H3 and H5 of β CD. This result is consistent with the observed in the ROESY experiments. For the Ha and Hb of LOS molecule, the correlation with H3 and H5 of βCD this interaction and the short contact between Hg to Hi and guest H3 atom, were not observed in the ROESY data. Fig. 8a -d show these maps for each isolated guest for both ternary systems. All over the simulation the frequency of short distances correlations of inner βCD hydrogen atoms and SDS ones are greater than ATE:βCD, Fig. 4a difference of close range interactions can be pointed out comparing this ternary system with the binary one, being these data compatible with the 2D ROESY results. Only the aliphatic part could interact with inner hydrogens of the cavity, and for a short MD period, ATE and SDS occupies the cavity simultaneously, probably resulting in the discussed data. For ternary LOS system the graph showed a similar behavior to the binary LOS:βCD system. Whereby SDS could not enter in the cavity, the significant correlation occurs only with the aliphatic alcohol chain from βCD differing from SDS:βCD binary system (complete correlation distances maps for ternary systems are presented in Figs. SI 21 and 22).
Conclusion
Combing our findings, experimental and theoretical, we demonstrated the importance to complete understand supramolecular interaction between CDs and guest molecules, not only by means of drug molecules, but also the excipient tested for a final pharmaceutical formulation. ITC and MD simulations combined demonstrated their strength, being able to investigate drug and guest binding affinity and its shifted from host cavity by SDS molecule for the ATE molecule, which could direct affect the supramolecular system properties based in intermolecular interactions. Additionally, NMR experiments were crucial to identify the supramolecular structures and, which were used to build up the MD calculated arrangements.
